Abstract: Sustainably managed forests provide multiple ecosystem services in cultural landscapes, including maintaining biodiversity. Better understanding of the benefits regarding the biodiversity of different silvicultural practices is important for sustainable landscape management. Conservation targets in forested landscapes should be determined by land managers and policy-makers, based on serious ecological research. This study deals with response of bird diversity to three different habitat types of temperate hardwood floodplain forests, which reflect specific forms of forest management. Research was based on long-term field bird census in the years 1998 to 2002 applying the point count method. Data was analysed using regression analysis with dummy variables. The results of the study indicate that hardwood floodplain forest heterogeneity, supported by different types of forest management (old-growth forest protection, group-selection harvesting and forest edge protection), provides large-scale habitat mosaic conditions suitable for many breeding bird species with different ecological niches. This result suggests that comparison of bird diversity response to different forest management types can be used as a decision support tool for sustainable landscape management strategy and local management practices in forested cultural lowland landscapes. Improvements in both regional and local ecological knowledge are generally needed in order to control floodplain land use decisions, which are typically made on the scale of landscape management.
Introduction
Landscape structure and dynamics affect the abundance and distribution of organisms in forested landscapes [1] . Changes in land use are one of the major forces altering forest ecosystems and their functions in cultural landscapes all over the world [2] . Improved knowledge of the relationships between the drivers behind forest ecosystem change and the provisioning of ecosystem services is of vital importance in order to manage forest ecosystems sustainably in cultural landscapes and safeguard them for future generations [3] . However, little is known about the extent to which these drivers impact forests [4] . Globally, most forests are managed for commodity extraction (such as timber), and understanding the costs and benefits to biodiversity management of different silvicultural practices is important for sustainable forest management in the landscape [5] . Villard and Jonsson 2009 [6] suggest that conservation targets in forested landscapes should be determined by land managers and policy-makers, based on serious ecological research that deals with the maintenance of forest habitats form of forest vegetation in the Czech Republic [34] . Forest stands are composed predominantly of Pedunculate Oak (Quercus robur L.) and European Ash (Fraxinus excelsior L.), with an admixture of tree species Small-leaved Lime (Tilia cordata Mill.), Field Maple (Acer campestre L.), Sycamore Maple (Acer pseudoplatanus L.), Norway Maple (Acer platanoides L.), Hornbeam (Carpinus betulus L.), European White Elm (Ulmus laevis Pallas) and Bird Charry (Prunus padus L.) [35] . These forest stands are classified as riparian mixed forests along the great rivers (international habitat code 91F0) according to the Natura 2000 habitats classification [36] .
Three conservation management practices are in progress in the study area: (1) Strict protection of old-growth (without any forest management activities) is the prevailing type of conservation (in 80% of LPPLA core zone), (2) group-selection harvesting (GSH) in old-growth forests (in 20% of LPPLA core zone) make up the remainder and (3) creating of edges of old-growth forest blocks bordered by clear-cutting areas. The conservation target of GSH in the study area is to support more heterogeneity of forest stands. The old-growth forests in the LPPLA core zone are bordered by clear-cutting hardwood floodplain forests, which act as a buffer zone for LPPLA.
Bird Field Census
We studied the birds in the area using the point count method [37] during the breeding seasons from 1998 to 2012. Eleven sampling points were within old-growth unmanaged forest stands, 13 were in forest stands managed by group-selection harvesting and 16 were in edges of old-growth unmanaged stands ( Table 1 ). The minimal distance between sampling points was 300 m, which was chosen in order to facilitate the representative sampling of each management category while ensuring the independence of data related to each sampling point as recommended by Bibby and Buckland [38] . In order to avoid mistakes based on the different detectability of birds in hardwood floodplain forests [39] , only birds detected within 50 m of each researcher were counted. Timed counts (10 min) were used to detect bird species diversity and abundance at each sampling point in early mornings (between 5:00 and 9:30). Birds were detected both visually and acoustically. Bird counting at sampling points was carried out three times each breeding season (mid-April, mid-May and mid-June). 
Statistical Analyses
The aim of the statistical analyses was to find whether there was a statistically significant difference in the number of bird species observed in areas under different types of forest management. Observational data from 40 sampling points were grouped into three categories according to the form of forest management in which sampling points were located: (i) group-selection timber harvested forest, (ii) old-growth forest and (iii) forest edge. We hypothesised that the highest number of observed bird species should be found at the forest edge, because of knowledge of edge effect consequences for bird diversity in HFF [40] . The structure of all statistical analyses is presented in Table 2 . To verify this research hypothesis, we used regression analysis with dummy variables. The dependent variable worked with the number of observed birds at individual counting points, while the independent variable was a categorical one that indicated the form of forest management. To avoid the trap of perfect collinearity, the independent variable was represented in the regression analysis by a set of two dummy variables: one for the group-selection timber harvested forest and the other for the old-growth forest. Since the forest edge was regarded as the reference category, the regression coefficients indicated the differences in the number of birds observed in the two former categories when compared to the reference category.
We performed the regression analysis three times (Table 2 ). In the first regression analysis we ignored the time dimension of the bird counting; for each counting point we averaged the number of observed bird species over the entire time period. Thus we obtained (cross-sectional) data for the 40 sampling points that were grouped into the three categories as defined above. To estimate the regression coefficients we used the ordinary least squares (OLS) method with robust standard errors [41] .
In the second regression, we included the time dimension of the bird counting, aggregated into years of observation. This means that for each sampling point we averaged the number of observed species over each year. Thus we created a panel of data with the time dimension of 15 years and with the cross-sectional dimension of 40 sampling points. The counting points were once again divided by a set of two dummy variables into the three types of environment. The coefficients were now estimated using the random effects (RE) method with the robust standard errors [42] .
The third regression included all the birds counted at each sampling point. This means that, once again, we generated a panel of data, but in this case the time dimension consisted of a maximum of 45 moments, while the cross-sectional dimension remained as above. However, observations were missing from some counting points and moments. To estimate the regression coefficients, we used the RE method with robust standard errors. All calculations were performed using the statistical software Stata 15 [43] .
Results
We found a total of 59 breeding bird species in the study area, with a total abundance of 13,249 individuals (Table 3) . We identified nine dominant species in the study area (dominance > 5%): Great Spotted Woodpecker (Dendrocopos major), Eurasian Blackbird (Turdus merula), Blackcap (Sylvia atricapilla), Common Chiffchaff (Phylloscopus collybita), Collared Flycatcher (Ficedula albicollis), Great tit (Parus major), Wood Nuthatch (Sitta europaea), Common Starling (Sturnus vulgaris) and Chaffinch (Fringilla coelebs). All are typical bird species for European hardwood floodplain forest habitats. Bird species in old-growth forest stands were predominantly forest dwelling species (C. nigra, F. albicollis and S. europaea). Bird diversity in forests managed by GSTH was enriched by early successional lowland forest species (L. fluviatilis). The highest bird diversity was detected at the forest edges of old-growth stands.
The results of the regression analyses (Table 4) are very similar, no matter which approach we adopt. This indicates a certain level of robustness in our outcomes. The results confirm that the highest number of bird species can be observed at the forest edge and this is indicated by the negative coefficients in all regressions. However, while the difference between the number of bird species in old-growth forest and the forest edge is highly significant (at the 1% level), the difference between the number of bird species in the group-selection timber harvested forest and in the forest edge is only marginally significant (at the 10% level). The joint significance tests of the categorical variable indicate that the form of management is significant in all three regressions (as denoted by the F test and the chi 2 tests). 1 GSH = forest stand managed by group-selection harvesting, 2 OG = interior of old-growth unmanaged forest stands. Robust standard errors are in the parentheses. Regression coefficients are significant at *** 1% significance level, ** 5% significance level and * 10% significance level.
Although the results indicate a higher number of bird species observed in the group-selection timber harvested forest than in the old-growth forest, the difference is clearly statistically insignificant (the p-values for the corresponding coefficients would be 0.515 in the 1 st regression, 0.618 in the 2 nd regression and 0.575 in the 3 rd regression). This suggests that the difference in the number of observed bird species in these two management categories is essentially negligible.
Since count data were used in the 3 rd regression, we checked the robustness of the results using the Poisson random effects model with robust standard errors. It did not change the findings by much. The coefficient for the group-selection timber harvested forest stayed negative and significant at the 10% level. Likewise, the coefficient for the old-growth forest remained negative as well but was now significant only at the 5% level.
The distribution and variability of the number of bird species observed in the areas under different types of forest management is illustrated by the boxplot (Figure 1 ) that corresponds to the results of the third regression analysis described above. much. The coefficient for the group-selection timber harvested forest stayed negative and significant at the 10% level. Likewise, the coefficient for the old-growth forest remained negative as well but was now significant only at the 5% level.
The distribution and variability of the number of bird species observed in the areas under different types of forest management is illustrated by the boxplot (Figure 1 ) that corresponds to the results of the third regression analysis described above. 
Discussion
Bird diversity is a very good indicator when analysing the consequences of forest habitat changes at the landscape level [44, 45] . Bird species' responses to landscape structure are taxonspecific and according to their niche attribute [46] . Thus, bird assemblages are composed of species that can be considered as edge-sensitive, fine grain-dependent, interior-sensitive, etc. [47] . This demonstrates that there are various implications that can be drawn from bird studies and used in the development of sustainable forest management concepts [48] .
The number of 59 breeding bird species in the study area of LPPLA reflects the current knowledge related to the high diversity of bird communities in temperate hardwood floodplain forests in North America [49, 50] and Europe [51, 52] . Our results relating to the dominance of bird species in HFF (Table 3 ) are in accordance with our studies published earlier [53, 54] , which indicated that the dominant bird species are common birds in European lowland cultural landscapes, but some species are of conservation concern-e.g., F. albicollis is a bird species in the focus of the Bird Directive under Natura 2000 [55] . Generally, the dominant breeding birds in HFF are typical forest dwelling species (e.g., S. europaea) and typical "open country birds"-species known to be tolerant to much 
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Only a few studies have examined the consequences of group-selection timber harvesting for forest bird diversity in temperate hardwood forests, and most of these studies are short-term [59] . One rare and valuable study by Campbell et al. [60] focused on the long-term effects of GSH on the abundance of forest birds. The study was carried out in mixed oak-pine forests in Maine and used territory mapping. Bird species responses to GSH were found to be idiosyncratic; in general, the mature forest birds remained and bird species connected to early successional habitat temporarily benefited from GSH. Our results from Litovelske Pomoravi are remarkably in accordance with the results of the above-mentioned study [60] in relation to the support of GSH for the occurrence of some early successional birds, which benefit from small open areas in mature forests.
In the literature, there is a significant lack of studies aimed at assessing of GSH in habitats of temperate hardwood floodplain forests. This is probably because this form of forest management is not applied in floodplain forests [61] . Thus, it seems our study is one of the first published studies on the impact of GSH on birds in HFF habitats. The first phase of GSH in Litovelske Pomoravi involves relatively small patches (up to 0.5 ha) in the mature forest stands. These are very similar to the small open areas which can be caused by natural disturbances in old-growth hardwood forests. This management phase creates a valuable ephemeral habitat for early successional bird species (S. curruca and L. fluviatilis), while habitats for birds connected to mature forests are still maintained. This is important at the landscape level because cultural landscapes in European lowlands are mosaics of different forest successional stages, and old-growth stands are usually very rare [62] .
Forest fragmentation and its various effects on the ecological functions and biodiversity of forests have been widely studied, but a common consensus on specific impacts seems elusive, partly due to differences in methodological approaches [63] and to regional idiosyncrasies [64] . Successful management aimed at maintaining bird species in woodlands affected by fragmentation needs to ensure there is protection and/or rehabilitation of ground vegetation and overstorey, as pointed out by Montague-Drake et al. [65] in relation to temperate woodlands of Australia. In temperate hardwood forests ground vegetation can be seriously disturbed by ungulate browsing with consequences for bird diversity [66] due to the absence of large predators [67] . Thus, we should also take into account ungulate management on the landscape scale [68, 69] .
Old forest stands play an important role in the conservation of bird diversity in managed temperate forests [70] . Lindenmayer et al. [71] identified a significant gradient in bird alpha-diversity in hardwood forests depending on the form of management, with the lowest values found in conventional clear-felled areas and the highest values in unlogged old-growth forest areas. These facts allow us to see the implications for bird-friendly silvicultural practices based on the conservation of large old-growth stands in forested landscapes which are managed for timber production [72] . Our results from the study area LPPLA confirmed this-we detected high bird diversity in old-growth hardwood floodplain forests.
Old-growth forest stands in our study area are bordered by large areas of managed forests on which clear-cutting practices are carried out. Clear-cutting is a traditional forest management practice in commercially managed European temperate hardwood floodplain forests [73] . The main reason for clear-cutting is to maintain the light-demanding Pedunculate oak (Quercus robur L.) as the main tree species in hardwood forest stands in the buffer zone of LPPLA [74] . In some temperate European regions with large areas of hardwood floodplain forests (such as in Croatia and Serbia) sustainable forest management is strictly focused on practices which favour the Pedunculate oak as the main tree species of managed floodplain forests. This is for economic reasons [75] . As stated by Dobrovolny et al. [76] , the current management system in Czech floodplain forests (outside protected areas) should be gradually converted to the Croatian model of forest management, with a multilayered forest structure [77] that is more focused on individual tree growth and stability for trees with high economic value and high reproductive potential.
One ecologically friendly modification to clear-cutting is green-tree retention [78] , which is aimed at maintaining forest biodiversity connected to old-growth forest structures that remain on cut areas [79] . As revealed in a review by Rosenwald and Lõhmus [80] , green tree retention almost always improves the habitat of disturbance phase birds on areas where most trees have been cut down and for forest species in regenerated forest stands on a local scale. But landscape perspectives related to green-tree retention are still missing from recent studies. Green-tree retention can be applied as aggregated patches of trees [81] or as retention of large, individual green trees on cuts [82] . In our previous study, we confirmed the importance of retaining very large, individual legacy trees [83] of the Pedunculate oaks on cuts in hardwood floodplain forests for bird diversity, especially for guilds of hole-nesters [84] . However, as highlighted by the study [85] , despite the fact that green tree retention provides breeding quality habitats for a large group of forest birds, it is not equivalent to the conservation of intact old-growth forests, and thus this suggests that intact old-growth forest ecosystems should be maintained in landscapes if we want to conserve forest biodiversity. The findings of the study [86] are in close accordance with our results from Litovelske Pomoravi: Here, old-growth hardwood floodplain forest stands are key breeding habitats for forest dwelling bird species, such as Ciconia nigra, Ficedula albicollis and Sitta europaea.
The question as to "how the distribution of bird species responds to different vegetation structures at woodland edges" remains an area where there is a gap in the knowledge related to bird responses to transitional habitats in cultural landscapes [87] . Improvements in regional and local ecological knowledge are needed in order to control floodplain land use decisions which are typically made on the scale of landscape management [88] . Our study, based on long-term (1998-2015) field research on breeding birds used the point count method and compared bird diversity in three types of floodplain forest habitat. It is suggested that the results of this comparison are used as a decision support tool for sustainable landscape management practices in protected areas aimed at the conservation of hardwood floodplain forest habitats. Our results indicate the importance of old-growth stands and GSH as well as showing the key role played by forest edges as habitats for breeding birds. The study indicates that fine-scale floodplain forest heterogeneity produced by different types of forest management in Litovelske Pomoravi provides large-scale habitat mosaic conditions suitable for many bird species with different niches. The diverse mosaic of forest habitats (including mature stands, small open patches and forest edges) benefits species in mature forests as well as early successional species. If clear-cutting is modified by green tree retention aimed at the conservation of biodiversity depending on mature forest structures on cuts, we would achieve very rich bird diversity on the landscape scale. Thus, this seems to be a key answer to the research question of this paper: The combination of different forest management treatments on a local scale can be considered as sustainable forest management with the target of maintaining bird diversity in hardwood floodplain forests [89,90].
Conclusions
We need to seriously improve our understanding of how landscape perspective fosters a multiscale approach to landscape management and landscape/conservation planning. This knowledge is extraordinarily important for large floodplain forest areas along lowland rivers; areas which have been impacted on by humans for centuries. If we aim to maintain the vital ecosystem functions of floodplain forests as key ecosystems, we would need to apply sustainability as a key conceptual framework for forest management.
We can use bird diversity as a decision support tool for the application of sustainability principles in landscape management. The results of this paper, based on the responses of birds to different management practices in temperate cultural floodplain landscapes, indicate the importance of mosaics of landscape habitats. If forest management creates a diverse mosaic of forest habitats, including mature stands, small open patches and forest edges, it would benefit forest bird diversity on the landscape scale. Its successful achievement requires a coordinated effort in forest management strategy by landowners and decision makers and it can support a multifunctionality of forests. The results of our study from the Litovelske Pomoravi Protected Landscape Area are portable on an international scale for sustainable management strategies related to lowland cultural landscape areas, including managed and unmanaged temperate hardwood floodplain forests.
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